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In this study we have addressed the ability of the glycolipid transfer protein (GLTP) to transfer anthrylvinyl-galactosylceramide at different pH
and sodium chloride concentrations, and the ability of three different mutants to transfer the fluorescently labeled galactosylceramide between
donor and acceptor model membranes. We constructed single tryptophan mutants with site-directed mutagenesis where two of the three tryptophan
(W) of wild-type human GLTP were substituted with phenylalanine (F) and named W85 GLTP (W96F and W142F), W96 GLTP (W85F and
W142F) and W142 GLTP (W85F and W96F) accordingly. Wild-type GLTP and W96 GLTP were both able to transfer anthrylvinyl-
galactosylceramide, but the two variants W85 GLTP and W142 GLTP did not show any glycolipid transfer activity, indicating that the tryptophan
in position 96 is crucial for transfer activity. Tryptophan fluorescence emission showed a blue shift of the maximal emission wavelength upon
interaction of glycolipid containing vesicle with wild-type GLTP and W96 GLTP, while no blue shift was recorded for the protein variants W85
GLTP and W142 GLTP. The quantum yield of tryptophan emission was highest for the W96 GLTP protein whereas W85 GLTP, W142 GLTP and
wild-type GLTP showed a lower and almost similar quantum yield. The lifetime and anisotropy decay of the different tryptophan mutants also
changed upon binding to vesicles containing galactosylceramide. Again wild-type GLTP and W96 GLTP showed similar behavior in the presence
of vesicles containing glycolipids. Taken together, our data show that the W96 is involved not only in the activity of the protein but also in the
interaction between the protein and glycolipid containing membranes.
© 2006 Elsevier B.V. All rights reserved.Keywords: Fluorescence; Site-directed mutagenesis; GLTP; Membrane; BindingProteins that specifically bind and transfer glycolipids
between artificial membranes, termed glycolipid transfer
proteins (GLTP), have been identified in many cell types [1]
and are emerging as an interesting family with a unique
structural fold [2,3]. A similar type of protein has also been
identified in the filamentous fungi Podospora anserina, where
a gene product called HET-C2 shows glycosphingolipid transfer
activity and GLTP-like characteristics [4]. Another protein,
accelerated cell death protein 11 (ACD11) identified in cells
from Arabidopsis thaliana show in vitro sphingosine transferAbbreviations: GLTP, glycolipid transfer protein; DiO-C16, dihexadecylo-
xacarbocyanine perchlorate; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline; GalCer, galactosylceramide; AV-GalCer, N-[(11E)-12-(9-anthryl)-11-
dodecenoyl]-1-O-β-galactosylsphingosine; NATA, N-acetyltryptophanamide
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sequence similarity [5]. Database searches also reveal a protein
homologous to mammalian GLTP, phosphoinositol 4-phosphate
adaptor protein-2 (FAPP2, gene accession number Q96JA3),
which contain a GLTP domain and a pleckstrin homology
domain. FAPP2 appears to localize to the trans-Golgi network
on nascent carriers, and interact with PtdIns[4]P and the small
GTPase ADP-ribosylation factor (ARF) through their PH
domain [6].
The preliminary structure analysis of native human GLTP
using steady-state fluorescence approaches was done recently
[7]. The study suggested that 75% of the average tryptophan
(W) fluorescence was accessible to soluble quenching agents.
Also the total tryptophan fluorescence responds to con-
formational changes induced by ionic strength and the
presence of glycolipid liposomes [7]. The crystallization of
bovine GLTP was done recently showing that the crystals
belong to primitive space group P21 [8]. The complete 3D
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bovine GLTP with the bound glycosphingolipid resembles
human GLTP that folds with a previously unknown two-
layer all-α-helical topology [3]. The glycosphingolipid is
anchored with the sugar-amide head group to the GLTP
recognition center by hydrogen bonding networks and
hydrophobic contacts. Both acyl chains are encapsulated in
a hydrophobic cavity [2,3]. How GLTP interacts with mem-
branes and what part of the protein that seems to recognize
membrane interfaces is still unclear, as well as potential
structural changes taking place during the substrate recogni-
tion and binding events.
To gain further insight into the dynamic structure and
membrane interaction of GLTP we have produced three
different mutant analogues of human GLTP. Changes in
tryptophan fluorescence emission intensity are commonly
observed when peripheral proteins interact with membranes
[9]. Often the emission intensity increases and the emission
maximum undergoes a blue shift when a protein with tryp-
tophan moves from an aqueous milieu and becomes membrane-
associated. Two of the three tryptophan of wild-type GLTP were
substituted with phenylalanine (F) using site-directed mutagen-
esis and named according to the remaining tryptophan, W85
(W96F and W142F mutated), W96 (W85F and W142F
mutated) and W142 (W85F and W96F mutated). A wide
range of experimental approaches was used to examine the
GLTP-vesicle interaction process, including fluorescence
quenching, circular dichroism spectroscopy, steady-state and
lifetime fluorescence analysis, and lipid transfer activity
measurements. It was found that the conservative replacement
of tryptophan in position 96 with phenylalanine resulted in a
loss of transfer activity. Keeping W96 but replacing tryptophan
85 or 142 with phenylalanine gave an active protein. Wild-type
GLTP and W96 GLTP adsorption to phospholipid vesicles with
or without glycolipids caused a blue shift in the tryptophan
emission suggesting that the microenvironment around W96 is
involved in the process where GLTP is scooting for glycolipids
in membranes. This blue shift was not observed with the GLTP
mutants with W85 and phenylalanine in position 96 and 142, or
with GLTP mutant with W142 and phenylalanine in position 85
and 96. We conclude that W96 is crucial for transfer activity,
and additionally both W85 and W142 are needed for a fully
functional protein.
1. Materials and methods
1.1. Reagents
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and palmitoyl-
GalCer (GalCer) was purchased from Avanti Polar Lipids (Alabaster, AL),
and the phospholipid concentration was determined by the method of Bartlett
[10], and for galactosylceramide gravimetrically. The fluorescent probe, N-
[(11E)-12-(9-anthryl)-11-dodecenoyl]-1-O-β-galactosylsphingosine (AV-Gal-
Cer) was prepared as described earlier [11]. 3,3′-Dihexadecyloxacarbocyanine
perchlorate (DiO-C16) was from Molecular Probes (Eugene, OR) and Triton
X-100 was from ICN Biomedicals (Aurora, OH). Acrylamide (Invitrogen,
Carlsbad, CA), guanidine hydrochloride (Fluka, Steinheim Germany) and N-
acetyltryptophanamide, NATA (Sigma-Aldrich, St. Louis, MO) were all high-
purity grade.1.2. Expression and purification of wild-type GLTP and single
tryptophan mutants
Tryptophan (TTG) was replaced to phenylalanine (TTT) using a
QuickChange site-directed mutagenesis kit from Strategene. Human GLTP
gene (NM_016433) cloned into a pGEX-6P-vector (Amersham Biotech) was
used as a template. The following oligonucleotides were used for the mutations;
5′-GAAATGTATGGAGCAGAGTTTCCTAAAGTAGGGGCCACACTG-3′,
5′-GCCACACTGGC GCTGATGTTTCTTAAAAGAGGCCTCCGC-3′ and
5′-GCCCTTAAGAAGTACCATGGCTTT ATCGTGCAGAAG ATCTTC-3′.
The vectors of wild-type and mutants were transformed into Escherichia
coli BL21 cells and grown in yeast-tryptone medium at 29 °C until cell density
A600 reached 0.6. Expression of the glutatione-S-transferase fusion protein
construct was induced with isopropyl-1-thio-β-D-galactopyranoside at a final
concentration of 1 mM. After 2 h of incubation the cells were harvested and
lysed by incubation with lyzosyme in PBS pH 7.0 followed by sonication. The
cleared lysate was purified on a column packed with Glutathione Sepharose 4B
beads (Pharmacia Biotech, Uppsala, Sweden). Elution of the protein was done
with PreScission Protease in 10 mM sodium dihydrogen phosphate buffer pH
7.0. The purity was confirmed by analysis on a SDS-PAGE gel (16%) and
Coomassie staining. The yield for wild type GLTP and all mutants was between
1.8 and 2.8 mg protein per litre culture media.
1.3. Glycolipid transfer assay
The resonance energy transfer (RET) assay for measuring AV-GalCer
transfer has been thoroughly described recently [12] and is based on the method
described earlier [13]. For determining the transfer rate at varying pH a sodium
phosphate buffer containing 10 mM sodium dihydrogen phosphate, 1 mM
dithiothreitol and 1 mM EDTA with the respective pH (4.0, 5.5, 7.0, 8.5 and
10.0) was used both in the preparation of the respective vesicles and as
measuring solution. The pH of the buffer did not change during the transfer
reaction, and the pH was check both before and after the measurements were
done. For the measurement of the transfer activity at different NaCl
concentrations the same sodium dihydrogen phosphate buffer at pH 7.0 with
varying concentrations of NaCl was used. The vesicles were prepared by probe
sonication. POPC with 1 mol% AV-GalCer and 3 mol% DiO-C16 (non-
transferable quencher) was dried under nitrogen and dissolved in the buffer. The
suspension with a total lipid concentration of 0.4 mM was sonicated for 10 min,
on ice, with a Branson 250 sonifier, and then centrifuged for 15 min at 15000 rcf
to remove titanium probe particles, multilamellar vesicles, and undispersed lipid
(negligible amount) [14]. The final concentration of the donor vesicles per assay
was 13 μM, the final AV-GalCer concentration in each assay was 0.13 μM. The
acceptor vesicles (final concentration 130 μM) were probe sonicated POPC
vesicles in a ten-fold excess compared to the donor vesicles. The protein
concentration was 28 nM per assay.
1.4. Circular dichroism measurements
Far-UV spectra were measured on a Jasco 720 spectropolarimeter (Tokyo,
Japan) with a scanning speed of 100 nm/min. The measurements were done with
a 1 mm path length cuvette and a protein concentration of 9.5 μM made up in
10 mM phosphate buffer pH 7.0. The temperature was set at 37 °C and the
spectra were recorded in a range of 185–260 nm with 1 nm bandwidth. All the
recorded spectra are averages of 10 scans.
1.5. Acrylamide quenching experiments
Quenching experiments were carried out on a Cary Eclipse spectro-
fluorometer (Varian, Palo Alto, CA), equipped with a temperature controlled
cuvette holder with stirring. The samples were excited at 295 nm and
fluorescence measured in a range of 310–450 nm with both emission and
excitation bandwidths on 10 nm. The temperature was maintained at 37 °C
throughout the measurements. The samples were denatured by incubation with
6 M guanidine hydrochloride for 2 h at 25 °C. Aliquots of the acryl amide stock
quencher solutions (6 M) made up in buffer (10 mM sodium dihydrogen
phosphate pH 7.0) were directly added to the sample under rapid stirring and
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at OD295<0.1 to avoid inner filter effects. Data were corrected for dilution
effects and analyzed using the Stern–Volmer equation:
F0
F
¼ KSV Q½ ; ð1Þ
where F0 and F are the fluorescence intensity in the absence and presence of
quencher. [Q] is the concentration of the quencher, KSV is the Stern–Volmer
quenching constant. In a protein, which contains several tryptophan residues, the
presence of different classes of tryptophan residues, exposed or buried, is
reflected in the Stern–Volmer plot [15]. The fraction of the total fluorescence
accessible to the quencher can be calculated from the modified Stern–Volmer
plot (Lehrer plot [16])
F0
DF
¼ 1
KQ½Q þ
1
fa
; ð2Þ
where F0 and [Q] are same as defined earlier and ΔF is the change in the
fluorescence intensity due to quenching, KQ is the Stern–Volmer quenching
constant of the exposed tryptophan residues and fa is the fraction of the initial
fluorescence, which is accessible to the quencher.
1.6. Fluorescence titration measurements
Interactions between GLTP and membranes were studied by monitoring the
changes in the tryptophan fluorescence emission spectra of the GLTP variants
upon addition of probe sonicated small unilamellar vesicles (25–40 nm in
diameter). Fluorescence of wild-type GLTP and the individual single tryptophan
mutants was measured before and after addition of different amounts of POPC
vesicles or POPC with 10 mol% GalCer to a 4.2 μM protein solution.
Tryptophan fluorescence (295 nm excitation) was measured between 310 and
420 nm at 37 °C on a Cary Eclipse spectrofluorometer with excitation bandwidth
at 5 nm and emission bandwidth at 5 nm. The emission intensities are corrected
for the increasing light scattering of the added vesicles.
1.7. Quantum yield measurements
Quantum yield measurements were performed on a PTI QuantaMaster 1
(Photon Technology International, New Jersey, NJ) spectrophotometer operat-
ing in the T-format and equipped with a temperature controlled cuvette holder
with stirring. Excitation was set to 295 nm (bandwidth 6 nm) and emission
measured between 310 nm and 450 nm with a bandwidth of 6 nm. A cross-
oriented configuration of the polarizers Expol 90° and Empol 0° provided
maximal suppression of liposome-scattering artefacts, as well as a short
emission path [9]. The cuvette was orientated to have a longer (10 mm) path
length of the excitation than for the emission (1 mm) [9]. In order to avoid inner
filter effects the optical density OD295 was kept below 0.05 in all measurements.
All fluorescence spectra were corrected for the buffer and the wavelength
dependence of the emission monochromator and the photomultiplier. The
quantum yields were determined relative to N-acetyltryptophanamide (NATA)
in aqueous solution according to the method of Parker and Rees [17] using a
quantum yield for N-acetyltryptophanamide in water of 0.177 at 37 °C
Qprot ¼
R
IprotR
INATA
ANATA
Aprot
QNATA; ð3Þ
were I is the integrated intensity of the wavelength region 310–450 nm, Q is the
quantum yield, A is the absorbance at 295 nm.
1.8. Time-resolved fluorescence measurements
The system used a GL-330 pulsed nitrogen laser as a source of excitation
(Photon Technology International). The nitrogen laser produced a train of 500-
ps excitation pulses at 337 nm at a repetition rate of 10 Hz. The dye laser output
at 590 nm was frequency-doubled to 295 nm with a GL-103 frequency doubler
coupled to an MP-1 sample compartment via fiber optics. Rhodamine 6G
chloride (Invitrogen, Carlsbad, CA) was used as the laser dye. Lifetime emission
profiles were collected at the magic angle (54.7°) of emission polarizer to avoidany contribution from anisotropy. The instrument response functions were
obtained from a scattering solution of glycogen. The apparatus response was
always checked by measuring the lifetime of NATA in water as a standard
(3.17 ns) before starting the accumulation of data for the protein samples.
Anisotropy decays were collected by measuring a repeated cycle of the
parallel (I||) and perpendicular (I⊥) fluorescence intensity components. It was
found that 10 cycles were sufficient to give a good signal-to-noise ratio.
Fluorescence decays were analyzed with the Felix 32 analysis package using a
discrete one- to four-exponential fitting program. The weighted-average
lifetimes were calculated from the results of multiexponential fits by using the
expression
hsi ¼ Rais
2
i
Raisi
; ð4Þ
where ai and τi represented pre-exponential factors and lifetimes, respectively.
The rotational correlation time ϕ was calculated from the deconvoluted
anisotropy fit curves using the software supplied by the spectrofluorometer
manufacturer.2. Results
2.1. Protein expression
Human GLTP contains three tryptophan (W85, W96 and
W142). To examine the environment of the individual
tryptophan more closely, single tryptophan mutants were
constructed, as described in Materials and methods. Briefly,
with site-directed mutagenesis two of the tryptophan were
replaced with phenylalanine (W→F) and the mutants were
named after the remaining tryptophan. The mutations were
confirmed with sequencing (data not shown). The protein
constructs were expressed as described in Materials and
methods. The purity was 95% judged by SDS-PAGE (data
not shown).
2.2. Glycolipid transfer activity analysis
The activity of wild-type GLTP and the three single
tryptophan mutants are shown in Fig. 1. The transfer rate of
AV-GalCer between small unilamellar vesicles (POPC) of wild-
type GLTP was normalized to 1. The initial transfer rates are
calculated after the first minute after GLTP addition. The mutant
W96 GLTP (with the W96 intact but with tryptophan at 85 and
142 replaced by phenylalanine) showed only a slightly
decreased transfer rate (72% of wild-type GLTP), whereas
both W85 GLTP and W142 GLTP showed no significant
transfer rate (<6% of wild-type GLTP, Fig. 1). In a recent study
it was shown that a point mutation of W96 to phenylalanine
maintained 63% of its activity, and a mutation of W96 to alanine
resulted in a inactive protein [3].
Previously we have analysed membrane charged conditions
for effects in transfer activity [18,19]. It is likely that GLTP in
biological systems will encounter different environments with
varying salt and pH conditions. Therefore the sensitivity to
variations in the pH and NaCl concentration for the wild-type
GLTP and the mutants were examined. The transfer activity of
WT GLTP and W96 GLTP related to varying pH values were
analysed at five different values between pH 4 and pH 10
(Fig. 2). Since the mutants W85 GLTP and W142 GLTP did
Fig. 2. Representative transfer activity curves for pH dependent activity of (A)
wildtype GLTP and (B)W96 GLTP. (a) The transfer of AV-GalCer was measured
between small unilamellar POPC donor and acceptor vesicles at 37°C using 28
nMprotein per assay at 37 °C. The relative transfer rate is expressed as 1 at pH 7.0
for wild-type GLTP. (C) Represents the relative transfer rates versus pH for WT
GLTP and W96 GLTP. Averages are of at least 3 different measurements.
Fig. 1. Anthrylvinyl-galactosylceramide (1 mol%) transfer activity of wild-type
GLTP (WT GLTP) and the three different single tryptophan GLTP mutants. (a)
The transfer was measured between probe sonicated small unilamellar POPC
donor and acceptor vesicles (in a ten-fold excess, 25-40 nm in diameter) at 37°C
using 28 nM protein per assay after the first minute of GLTP addition. The
graphs shows the transfer activity of the different GLTP variants at 37 °C. The
activities were normalized to the rate for wild-type GLTP, and are averages of at
least 3 different measurements.
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highest activity was found at pH 7.0 for WT GLTP, with much
lower values at pH 4.0, only 11% and at pH 10.0 only 66%
compared to pH 7.0 (Fig. 2A). This clearly suggests that GLTP
is more sensitive to acidic conditions. The W96 GLTP showed
a slightly higher activity at pH 8.5 than at 7.0, but was also
sensitive to acidic conditions (Fig. 2B). In Fig. 2C the initial
transfer rate versus pH is plotted to illustrate the dependence of
pH on the transfer activity for the two active proteins.
The transfer activity of wild-type GLTP and W96 GLTP in a
sodium phosphate buffer (10 mM) pH 7.0 with increasing
concentration of NaCl from 0 to 200 mM is presented in Fig. 3.
The optimal concentration was found to be between 150 and
200 mM NaCl for both wild-type GLTP (Fig. 3A) and W96
GLTP (Fig. 3B) with a significantly less transfer activity for
100 mM and lower concentrations also for both proteins. The
dependence of NaCl concentration on the initial transfer rate for
WT and W96 GLTP is presented in Fig. 3C.
2.3. Far-UV circular dichroism analysis
Circular dichroism is a useful technique to analyze structural
changes in protein secondary structure. To determine if the
observed lack of activity for the W85 GLTP and the W142
GLTP mutants was due to secondary structural changes, a far-
UV CD spectra for wild-type GLTP and each mutant was
recorded (Fig. 4). The spectra of the mutants were similar to that
of wild-type GLTP with a minimum around 208 nm and 221 nm
typical of α-helices. The CD data were further analysed using
the CDPro software [20,21]. The software analysis detected no
apparent differences in the secondary structure between the
wild-type GLTP and the three tryptophan mutants (data not
shown). In addition, the presence of POPC or POPC vesiclescontaining 1 mol% GalCer produced no apparent changes in the
CD spectra (Fig. 4).
2.4. Tryptophan fluorescence and quantum yield
The emission maximum wavelength of tryptophan is
characteristic for the polarity of its microenvironment. To
Fig. 3. Representative transfer activity curves for NaCl dependent activity of (A)
wildtype GLTP and (B) W96 GLTP. The transfer of AV-GalCer was measured
between small unilamellar POPC donor and acceptor vesicles at 37°C and pH
7.0 using 2 μg protein per assay. (a) Protein (28 nM) mediated AV-GalCer
transfer from and to POPC vesicles in a 10 mM sodium dihydrogen phosphate
buffer pH 7.0 at various NaCl concentrations at 37 °C. The relative transfer rate
is expressed as 1 at [NaCl] 200 mM. (C) Shows the relative transfer rates versus
the NaCl concentration for WT GLTP and W96 GLTP. Averages are of at least 3
different measurements.
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used to determine the tryptophan fluorescence emission maxima
of the protein constructs. Wild-type GLTP showed a fluores-
cence emission maximum at 348 nm (Table 1) indicating anaverage polar environment for the indole side chains. The
maximum wavelength for the mutant W85 GLTP and W142
GLTP was 351 nm and 349 nm respectively, and the W96 GLTP
mutant was blue shifted 3 nm with a maximum of 345 nm. After
incubation of the different proteins with guanidine hydrochlor-
ide for 2 h the maximum wavelength shifted to 350–352 nm in
all GLTP variants, indicating water exposure of all tryptophan
residues due to unfolding, Fig. 5.
Tryptophan quantum yield in proteins is highly unpredict-
able, and usually lie anywhere between 0.01 and 0.3. A reduced
quantum yield in protein is usually reflected by electron transfer
from the excited tryptophan to acceptor sites, or if tryptophan
molecules participate in hydrogen bonding networks [22]. The
wild-type GLTP and mutants W85 GLTP andW142 GLTP have
similar quantum yield values while mutant W96 GLTP possess
a higher value (Table 1). This could indicate that the tryptophan
in W96 GLTP is located in a more non-polar environment than
in the W85 GLTP and W142 GLTP variants.
2.5. Fluorescence titration
To examine whether emission from different tryptophan
would be sensitive to lipid membranes we performed a titration
experiment with POPC or POPC containing 10 mol% palmitoyl-
GalCer vesicles, added to the GLTP constructs. In Fig. 6 we
show that the emission of tryptophan blue shift only for the WT
GLTP and W96 GLTP (Fig. 6A and C) protein when POPC
vesicles are added, where as W85 GLTP and W142 GLTP does
not blue shift (Fig. 6B and D). The same pattern is seen if POPC
vesicles containing 10mol%GalCer is added with the difference
that the shift is more pronounced (Fig. 6). If the polarity of the
tryptophan environment changes as a result of adsorption to the
membrane interface, a shift in the emission wavelength would be
expected. No change in tryptophan emission properties would be
an indication that the tryptophan environment is not affected by
membrane interface. In all measurements the fluorescence
excitation was set to 295 nm in order to avoid fluorescence
from GLTPs 10 tyrosine residues and the emission maxima was
plotted as a function of lipid concentration. Wild-type GLTP and
W96 GLTP binding to vesicles without GalCer (Fig. 7A and C,
filled circles) was linearly decreasing as a function of lipid
concentration, while W85 GLTP and W142 did not show any
change in tryptophan emission blue shift (Fig. 7B and D). Wild-
type GLTP and W96 GLTP binding to GalCer containing POPC
vesicles on the other hand showed a abrupt decrease in the
tryptophan fluorescence emission intensity (up to 0.14 mM
POPC vesicles), followed by a slower decrease at more
saturating conditions (Fig. 7A and C, open circles).
2.6. Tryptophan quenching by acrylamide
Tryptophan residues deeply buried in a protein are generally
blue shifted, with an emission maximum near 330 nm, and are
inaccessible to quenching by acrylamide [23], Fig. 5. Tryp-
tophan fluorescence measurements and acrylamide quenching
were used to obtain information about the individual single
tryptophan fluorescence. Acrylamide is often used since it is a
Table 1
Emission maxima and quantum yield (with respect to N-acetyltryptophanamide,
NATA) of the different GLTP variants at 20 °C. Values are averages of at least 3
measurements
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indole derivatives exposed to the aqueous milieu. Addition of
0.28 M acrylamide to native and denatured wild-type GLTPEmission maxima (nm) Quantum Yield
GLTP WT 347.8 0.028±0.0025
GLTP W85 350.6 0.021±0.0053
GLTP W96 345.0 0.052±0.011
GLTP W142 349.2 0.024±0.0074
Fig. 4. Far UV circular dichroism spectra (190–240 nm) of wild-type GLTP and
single tryptophan mutants (solid line), in the presence of lipid vesicles consisting
of POPC (dotted line) and POPC vesicles containing 1 mol% galactosylcer-
amide (dashed line). (A) Wild-type GLTP, (B) W85 GLTP, (C) W96 GLTP and
(D) W142 GLTP. Protein concentration was 9.5 μM and lipid concentration 300
μM. Each spectrum represents the averages of 10 scans at 0.5 nm resolution at
37 °C using a quartz cuvette with a 0.1 mm path length.and the three different mutants resulted in linear curves in the
Stern–Volmer plots (data not shown) indicating that the
quenching is dynamic (Table 2). The Stern–Volmer constant,
KSV, is derived from the slope of the curve. The obtained
Stern–Volmer constants for wild-type GLTP and the mutants
are higher for the denatured protein than for the native protein.
Unexpectedly, the value of native W142 GLTP is low
(KSV=3.63) indicating a relatively hydrophobic surrounding.
KSV values can by themselves be misleading [24]. Because of
this the modified Stern–Volmer plot was used to calculate the
accessible fraction, fa, which is more suitable in comparing
different protein constructs. This shows that mutants W85
GLTP and W142 GLTP are fully accessible to the quencher
while W96 GLTP has a fraction not accessible to acrylamide.
The intrinsic average tryptophan fluorescence in wild-type
GLTP was quenched to 69% and this would indicate that the
inaccessible fraction could come from the W96, explaining the
data obtained previously by Li and co-workers [7].
2.7. Time-resolved measurements
By analyzing the tryptophan lifetime and anisotropy decay of
wild-type GLTP and the three single tryptophan GLTP mutants
it is possible to establish the mobility of the tryptophan residues.
Tryptophan fluorescence decays were recorded and the decay
was described with a one-exponential model since attempts to
fit data to a two-exponential model did not give satisfying
values of the goodness of fit χ2 and Durbin–Watson parameters.
One-exponential model fits gave a χ2 value that was between
0.9 and 1.3, and the Durbin–Watson value between 1.5 and 1.7.
The lifetimes of wild-type GLTP and the mutants are displayed
in Table 3. NATA was measured as a standard and, was in our
setup in good agreement with that reported earlier for NATA in
water (3.17 ns) [22]. The tryptophan lifetime was 3.89 ns for
wild-type GLTP, and no significant change occurred upon
vesicle addition although POPC vesicles containing GalCer
gave a slight decrease to 3.47 ns. The mutants W85 GLTP and
W142 GLTP showed a lifetime of 2.88 ns and 2.96 ns,
respectively, agreeing well with being in a polar environment.
1738 G. West et al. / Biochimica et Biophysica Acta 1758 (2006) 1732–1742W96 GLTP had a tryptophan lifetime of 4.56 ns, indicting a
more nonpolar environment. No change occurred when vesicles
were added to mutants W85 GLTP and W142 GLTP. When
vesicles were added to W96 GLTP the lifetime decreased for
both types of POPC vesicles with or without GalCer. This
suggests that the environment around tryptophan 96 became
more polar after addition of vesicles.
Anisotropy decay measurements were performed to deter-
mine the rotational freedom of wild-type GLTP and the different
mutants. Brownian rotation rates and the extent of motion are
measured from the relative loss of parallel and perpendicular
intensity during emission decays as described in Materials and
methods. Anisotropy is dominated by rotation of tryptophan
and segmental mobility in a nanosecond time scale [22]. The
measured values are shown in Table 4. The slowest rotational
correlation time of the single tryptophan mutants was seen with
W142 GLTP, followed by W85 GLTP and W96 GLTP. The
value of wild-type GLTP was much higher than the average of
the mutants, probably indicating energy transfer or minor
structural changes that were not detectable by our circular
dichroism measurements (Fig. 4). The fast rotational correlation
times demonstrate that the tryptophan is not immobilized but
rather mobile, and that the measured times are not representing
the protein correlation time which would be around 8–10 ns,
typical of a protein tumbling in solution with the molecular size
of GLTP [22].
3. Discussion
The transfer activity of wild-type GLTP and the only active
mutant W96 GLTP was sensitive to changes in the pH of the
transfer buffer. This is probably related to changes in the protein
charge at different pH, since at neutral pH GLTP is slightly
positively charged (isoelectric point ∼9) while the zwitterionic
phospholipid membrane is neutral. The membrane hydration
changes caused by increasing salt concentrations are also likely
to affect the GLTP activity. Changes in the pH affects the
phospholipid membrane charge, as well as the charge of GLTP
affecting the on- and off-rate of the protein from the membrane
interface [19]. The minimal effect of ionic strength decrease
could probably also be described to the contribution of charge
changes both on the membrane and the protein, but clearly the
protein is active even in low ionic strengths. It has recently been
suggested that the rate limiting step in the GLTP mediated
transfer of glycolipids would be the formation of a GLTP–
glycolipid complex at the membrane interface, rather then the
partitioning of GLTP into the lipid–water interface [25,26].
In the recent study of the human GLTP it was shown that
when W96 was replaced by phenylalanine the activity was
reduced to about 63% [3]. A replacement of W96 with alanine
resulted in a completely inactive protein. It was also suggestedFig. 5. Fluorescence emission of wild-type GLTP and single tryptophan mutants
of native and denatured protein with or without acrylamide (0.55 M). The
proteins were denatured with 6 M guanidine hydrochloride for 2 h at 25 °C. (A)
Wild-type GLTP, (B) W85 GLTP, (C) W96 GLTP and (D) W142 GLTP. The
protein concentration was 4.2 μM.
Fig. 6. Normalized fluorescence emission of wild-type GLTP and single tryptophan mutant with or without addition of vesicles. (A) and (E) Wild-type GLTP, (B) and
(F) W85 GLTP, (C) and (G) W96 GLTP and (D) and (H) W142 GLTP. (A) through (D) with the addition of POPC vesicles (0 mM–0.60 mM), (E) through (H) with the
addition of POPC vesicles containing 10 mol% GalCer (0 mM–0.60 mM). The protein concentration was 4.2 μM.
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Fig. 7. Fluorescence titration curves of wild-type GLTP and single tryptophan
mutants with lipid vesicles consisting of POPC (filled circles) and 10 mol%
GalCer in POPC (open circles). (A) wild-type GLTP, (B) W85 GLTP, (C) W96
GLTP and (D) W142 GLTP. The intensity at the tryptophan emission maxima
was plotted as a function of lipid concentration. A decrease in the intensity is an
effect of tryptophan emission blue-shift (see Fig. 6). Protein concentration was
4.2 μM. The excitation wavelength was 295 nm. Values are averages of at least 3
measurements.
Table 2
Stern–Volmer quenching constant (KSV) and fraction (fa) of tryptophan
fluorescence quenched by acrylamide at 37 °C
KSV, native KSV, denatured fa
GLTP WT 7.93 14.75 0.69
GLTP W85 15.64 18.60 0.97
GLTP W96 7.70 11.66 0.86
GLTP W142 3.63 6.37 1.00
Linear Stern–Volmer plot analyses were used to determine KSV and modified
Stern–Volmer plots to determine fa values.
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tion, and that W96 is involved in recognizing the ligand by
stacking over the glucose ring [3]. In this study we therefore
intended to get better insight into the interaction of GLTP with
membranes, especially the role of the tryptophan residues in the
membrane interaction. With site-directed mutagenesis we
constructed single tryptophan mutants in which tryptophan
was replaced with phenylalanine. Only one mutant was active,
W96 GLTP with W96 preserved andW85 andW142 mutated to
phenylalanine, showing a 72% activity compared to wild-type
GLTP. If W85 was preserved and W96 and W142 mutated to
phenylalanine, or if W142 was preserved and W85 and W96
mutated to phenylalanine, the activity was completely lost.
The previous analysis of the hydrophobicity of the GLTP
amino acid sequence by the Kyte–Doolittle method reveal four
hydrophobic regions [1]. Three of theses centred at 36C, 99R
and 189A are involved in the formation of the hydrophobic
cavity, and the fourth cantered at 148F could potentially be
involved in the protein membrane interaction. A semi-quan-
titative Wimley–White analysis [27] of the amino acid residues
that would have a potential affinity for membrane interfaces
also points to the sequence around 148F as being most
favourable cluster. Replacing the residues in this region with a
non-aromatic amino acid will probably be of interest to pursue
in future studies.Table 3
Tryptophan fluorescence lifetimes (τ, nm) at 350 nm of wild-type GLTP and
single tryptophan GLTP mutants in the absence and presence of POPC or POPC/
GalCer (99:1) vesicles
Lifetime (ns) τ χ2 Durbin–Watson
WT GLTP 3.89±0.27 1.14±0.11 1.50±0.17
WT GLTP+POPC 3.94±0.14 1.14±0.19 1.58±0.06
WT GLTP+POPC+GalCer 3.47±0.44 0.97±0.21 1.74±0.30
W85 GLTP 2.88±0.10 0.93±0.14 1.71±0.24
W85 GLTP+POPC 3.12±0.03 1.00±0.05 1.86±0.42
W85 GLTP+POPC+GalCer 2.99±0.02 0.87±0.13 1.85±0.11
W96 GLTP 4.56±0.80 1.09±0.08 1.51±0.23
W96 GLTP+POPC 4.21±0.65 1.23±0.18 1.68±0.15
W96 GLTP+POPC+GalCer 3.49±0.05 0.89±0.21 1.80±0.40
W142 GLTP 2.96±0.20 1.18±0.07 1.54±0.36
W142 GLTP+POPC 2.80±0.03 1.03±0.13 1.60±0.09
W142 GLTP+POPC+GalCer 2.91±0.04 0.92±0.19 1.61±0.28
The measurements were performed at 37 °C. For further experimental details
and analysis procedure, see Materials and methods. χ2 and Durbin–Watson
parameters are statistical goodness of fit parameters for the anisotropy decay fit.
Values are averages of at least 3 measurements.
Table 4
Tryptophan rotational correlation times for wild-type GLTP and single
tryptophan mutants
Anisotropy decay (ns) ϕ
WT GLTP 0.233
W85 GLTP 0.159
W96 GLTP 0.183
W142 GLTP 0.125
Fig. 8. Illustrative picture showing the suggestive GLTP (1TFJ) membrane
interaction, with the location of the three tryptophan residues. The W96
environment is sensitive to bound glycolipid in the binding site cavity.
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small blue shift in the emission in the presence of membranes
containing no glycolipid, suggesting that the protein would
come in contact with the surface of these membranes and is
scooting for glycolipids, although positions 85 and 142 have
phenylalanine instead of tryptophan. If the membrane contains
glycolipids, an even greater blue shift was seen, probably
because the glycolipid is bound to the GLTP in close vicinity to
W96, and other environmental changes around W96. With the
two mutants W85 GLTP and W142 GLTP that both have W96
replaced by phenylalanine we did not detect any blue shift in the
tryptophan emission in the presence of POPC vesicles with or
without GalCer. This suggests that the environment around
W85 and W142 did not change much in the presence of
membranes, probably because this region of the protein does
not come close enough to the membrane interface. One should
keep in mind that the mutant with both W85 and W142 intact
but with phenylalanine at position 96 still showed an activity of
63% compared to wild-type GLTP [3]. Therefore it is likely that
the W85 and W142 mutants are still scooting for glycolipids in
the membrane. An introduction of a second mutation to either
W85 or W142 would lead to an inability of the protein to adsorb
to the membrane interface and bind and transfer glycolipids. We
therefore conclude that W96, as well as either W85 or W142 is
crucial for a fully active protein.
The circular dichroism measurements did confirm that the
protein secondary structure is not affected by the substitution
of tryptophan for phenylalanine. Neither did the shapes of the
CD spectra change significantly due to addition of mem-
branes, with or without glycolipids. A similar small difference
in the ellipticity scale was also observed here for these
mutants comparable to the earlier report [3]. Obviously CD
measurements are not sufficient to detect small structural
changes that could occur during GLTP lipid binding, and
these questions will be addressed in further studies employing
different NMR techniques.
The quantum yield of wild-type GLTP (0.028) was very
close to the average for the mutants (0.032), indicating that no
local perturbation occurred due to replacement of tryptophan
with phenylalanine. The higher quantum yield for the W96
GLTP mutant would indicate that the tryptophan microenviron-
ment was more non-polar than both environments around W85
andW142. Based on both lifetime and the quenching results it is
also evident that the W96 is more shielded from the polar
environment than W85 and W142.
The emission maximum for wild-type GLTP (348 nm)
showed an average polar environment for the tryptophanresidues. This result is in good agreement with the earlier
reported values of 347 nm [7]. The X-ray structure reveals
that W96 is located inside the binding cavity while both W85
and W142 are located at the entrance of the cavity [2]. The
emission spectra support this since W85 showed the most
polar environment followed by W142 and W96 being the
most nonpolar. Denaturation of the samples produced an
emission maximum closer to 350 nm which has been reported
for NATA in water [24]. The Stern–Volmer constants showed
a higher value for the denatured protein compared to the
native, which was predicted [22]. Surprisingly, the KSV of
W142 suggests a nonpolar environment for the residue. One
explanation to this could be that the residue has neighbouring
nonpolar or charged amino residues. Electrostatic interactions
and pH changes normally have big effects on a cationic
protein [28]. This might be the reason why we could detect a
difference in the sensitivity to pH for WT GLTP and W96
GLTP. The activity was more preserved at pH 10.0 than at pH
4.0, which implies that the protein is more active when it is
positively charged. The difference between the pH and NaCl
activity between wild-type GLTP and W96 GLTP is due to
the lower over-all activity.
Both lifetime and anisotropy decay values show higher value
for wild-type GLTP than for the measured average of the
mutants. This suggests either quenching of tryptophan residues
in the mutants or energy transfer in wild-type GLTP. As reported
earlier amino acid residues known to quench tryptophan
surround all three tryptophan [7]. Both mutants W85 GLTP
and W142 GLTP show low lifetime values that is in agreement
with exposed tryptophan residues. The lifetime of W96 GLTP
decreased when vesicles were added indicating that the residue
gets more exposed. This could be a consequence of the
structural changes in the binding cavity and hydrogen bonding
between W96 and the bound glycolipid, since W96 is directly
involved in their binding [3].
1742 G. West et al. / Biochimica et Biophysica Acta 1758 (2006) 1732–1742In Fig. 8 a model is presented indicating the involvement of
W85 and W142 residues in the membrane interaction. GLTP
does not seem to penetrate deeply into the membrane interfacial
region when scooting for glycolipids [26], since we did not
observe any changes in the W85 and W142 microenvironments
in the presence of either POPC or POPC-GalCer vesicles. A
complete transfer event of a glycolipid would however require
tryptophan in positions 85 and 142 for a fully functional protein.
We also show that GLTP does interact with vesicles containing
only PC and does not require a glycolipid for interaction. This is
well in agreement with recent findings based on RET
measurements from GLTP to DPH and Laurdan [25].
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